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Different  authors  have  reported  that  living  cells  treated  with  ribo- 
nuclease  (Rllase)  underwent  important  changes  in  growth  and  metabolism:  eggs 
of  amphibians  (6, 20 )  and  sea  urchi.ns  (l6),  oocytes  of  starfish  (2),  anoebas 
(3,1*-),  Bacillus  negatcriun  (13),  onion  root  cells  (l,ll),  tissue  culture 
cells  (8)  and  cancer  cells  (18,23) • 

The  observed  effects  produced  by  Rinse  in  different  cells  have  led 
to  the  belief  that  the  enzyme  can  penetrate  through  cell  membranes.  When¬ 
ever  cells  are  not  affected  by  the  enzyee,  it  is  assumed  it  did  not  penetrate 
into  the  cell. 

We  have  already  briefly  reported  (21)  that  Rinse  does  not  produce  an 
effect  -  detectable  by  cytochenical  or  biochemical  methods  -  in  cells  of 
bone  marrow  readily  penetrated  by  Rllase .  Yet,  RNase  activity  in  treated 
cells  was  much  higher  than  in  untreated  control  cells. 

In  order  to  verify  these  facts  and  to  explain  then,  if  possible,  we 
investigated  the  absorption  in  vitro  of  Rllase  by  cells  of  bone  marrow  and 
Ehrlich's  ascites  tumors. 


*  Research  Scientist,  approved  by  the  Eelgian  National  Fund  for  Scientific 
Research 

**  Chief  of  Research,  Belgian  National  Fund  for  Scientific  Research. 
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materials  AKD  2-ETHODS 


Ascites  Timor  Cells  -  Cells  of  Ehrlich's  ascites  tumor  were  inplan ted 
in  stock  nice .  After  6-14  days,  the  tumor  cells  were  removed  and  used. 

Bone  Marrow  Cells  -  Cells  were  removed  from  the  femur  and  tibia  of 
young  rats,  1-3  months  old,  mixed  in  a  homogenizer  containing  the  following 
incubation  medium:  NaCl  0.85$  15  ml,  glucose  5  ml(3^  mg/ml  in  P0^  buffer, 

M/lO,  pH  7.2).  The  cells  were  separated  and.  suspended  by  centrifugation  at 
2000  rpm  for  2  minutes. 

Ribonucleic  Acid  (RMA)  -  The  substrate  used  for  testing  RIfa.se  at 
different  concentrations  was  prepared  from  fresh  yeast  by  the  xaethod  of  Kay 
and  Dcnmce  (15).  Experience  showed  that  highly  polymerized  RKA  was  indis- 
pensible  for  obtaining  accurate  results  with  low  concentrations  of  RNase. 

The  substrate  was  dissolved  in  acetate  buffer  0.21-2,  pH  5*0. 

Ribonuclease  (RNase)  -  REase  purchased  from  Armour  Co.  was  used  in 
these  experiment's .  The  RNase  was  labeled  with  131l,  according  to  the  method 
of  Francis  et  al.(ll).  After  seven  consecutive  dialyses  (for  6  hours  against 
a  large  amount  of  water)  contamination  was  practically  absent:  chromatQ* 
papy  aa4  el§6feT9pgre§i§  Qa  ggper  iadiSated  the  Radioactivity  was  uniquely 
localized  in  the  protein.  Specific  radioactivity  of  RNase -^ll  was  about 
1.5x10°  counts/mLn/mg.  The  RNase-^-i  was  diluted  6  to  20-fold  with  fresh 
RNase  (armour)  in  order  to  obtain  the  proper  level  of  radioactivity. 

Incubation  of  Cells  in  the  Presence  of  RNase  -  Ascites  tumor  cells 
(in  their  normal  plasma)  and  bone  marrow  cells  (suspended  in  the  glucose 
medium  described  above)  were  incubated  in  the  presence  of  RNase under 
mechanical  agitation  at  37°C. 

Extraction  of  RNase  -  After  incubation,  the  cells  were  washed  three 
times  with  a  large  volume  of  NaCl  solution  0.9$.  RNase was  extracted 
with  HgSOj^  N/15  at  0°C  for  one  hour.  An  aliquot  was  removed  in  order  to 
determine  the  protein  content  of  the  entire  suspension  by  the  method  of 
Lowry  et  al.  (25)* 

The  suspension  in  sulfuric  acid  was  adjusted  to  pH  5. 0  with  dilute 
NaOE,  centrifuged  and  the  supernatant  was  tested  for  enzyme  activity. 

Measurement  of  RNase  Activity  -  Incubation  was  at  25°C.  Samples  were 
tested  after  2,  12  and  22  minutes.  RNA  not  hydrolyzed  by  RNase  was  precipi¬ 
tated  with  a  mixture  of  ethanol  and  glacial  perchloric  acid  10$.  Precipita¬ 
tion  was  at  0°C  for  minutes .  The  suspension  was  centrifuged;  the  super¬ 
natant  was  decanted  and  tested.  Its  UV  spectrum  was  determined  spectro- 
photametrically  and  the  difference  in  absorption  between  260  and  300  m// 
was  measured.  The  values  were  plotted  as  a  function  of  the  incubation  tem¬ 
perature.  The  straight  portion  of  the  slope  was  used  to  measure  RNase 
activity. 
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Kgggurgggat  of  Radioactivity  -  Cells,  incubated  with  ELrase-l3ll, 
were  washed  three  tir.es  with  a  large  volume  of  IiaCl  solution  O.cfji,  suspended 
in  water  and  deposited  on  class  planchets.  These  were  dried  in  a  stream  of 
warm  air  and  their  radioactivity  was  measured  with  a  Geiger  counter.  The 
glass  planchets  were  dropped  into  a  known  volume  of  IsaCII  0.1  X  and  the  pro¬ 
tein  was  determined  by  the  method  of  Lowry  et  al.  (25). 

Autoradiography  -  A  thin  layer  of  cells,  6M  thick,  or  sections  were 
placed  on  agar  layers  prepared  with  Ilford  G  5  agar,  according  to  the 
method  of  Ficq,  and  Gastovo  (10)  for  sections  about  100 fJ.  thick  (counts  of 

13-4:  are  longer  than  those  of  l^C). 


RESULTS 

1.  Influence  of  the  Concentration  of  Extracellular  RNase 

Bone  Karrow  Cells  -  In  Figure  1,  results  are  shown  obtained  by  deter¬ 
mining  the  enzymic  activity  of  bone  marrow  cells  after  incubation  with  Blase, 
2  or  10  mg/ml  of  suspended  cells. 

It  may  be  seen  the  inatial  velocity  of  absorption  was  greater  when 
the  concentration  of  RNase  was  higher  in  the  external  medium.  After  60 
minutes  of  incubation,  a  maximum  was  attained  and  the  initial  Blase  content 
of  the  cells  was  doubled.  In  Figure  2,  results  are  shown  obtained  by  mea¬ 
suring  the  radioactivity  of  cells  incubated  with  RNase -J'31I,  2  or  10  mg/ml 
of  suspended  cells.  Similar  results  were  obtained  by  both  methods. 


Fig.  1.  Penetration  of  RNase  into 
bone  marrow  cells  incubated  with 
RNase* 2  or  10  mg/ml  of  suspended 
cells. 


Fig.  2.  Penetration  of  HNase-^-i 
into  bone  marrow  cells  incubated 
with  RNase,  2  or  10  mg/mi  of  sus¬ 
pended  cells. 


Ascites  Tumor  Cells  -  la  Figures  3  and  4  there  are  shown  the  effect 
of  two  concentrations  of  RNase,  2  and  10  mg/ml  of  suspended  cells,  on  the 
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rate  of  enzyme  at sorption  by.  the  ascites  tumor  cells,  removed  it  days  after 
implantation.  It  may  be  seen,  absorption  vas  faster  when  the  concentration 
of  the  enzyme  was  higher  in  the  external  medium. 


Fig.  3.  Penetration  of  Bllase  into 
ascites  tumor  cells  as  a  function  of 
the  concentration  of  KNase,  2  and 
10  mg/ml  of  suspended  cells,  and  as 
a  function  of  incubation  tempera¬ 
ture  0°-35°C . 


Fig.  4.  Penetration  of  Rtfase- 
■*•31-1  into  ascites  tumor  colls 
as  a  function  of  the  concontra' 
tion  of  the  enzyme,  2  and  10 
mg/ml  of  suspended  cells,  and 
as  a  function  of  incubation 
temperature  0°-35°C. 


In  Figure  5  there  are  shown  the  results  of  the  absorption  of  i!\Tase- 
13lj  by  ascites  tumor  cells  removed  from  implanted  tumors  after  3  days 
(young  cells,  a),  14  days  (middle-aged  cells,  b)  and  21  days  (old  cells, c). 

It  may  be  seen  from  the  graph  young  cells  absorbed  RHase  very  rapidly  and 
in  large  amounts,  while  in  old  cells  relatively  little  enzyme  was  absorbed 
and  the  process  was  greatly  slowed  do»m .  Also,  one  may  note  that  after  a 
very  marked  and  very  fast  initial  increase  in  radioactivity  an  abrupt  decrease 
occurred  and  the  values  approached  those  obtained  with  the  oldest  cells. 


Fig.  5*  Penetration  of  RIIase--3^I 
(2mg/cl  of  suspended  cells)  into 
ascites  tumor  cells  removed  from 
tumors  of  different  ages:  a-cells 
recvoved  from  3 -day  old  tumors;  b- 
14  day-old  tumors;  £  -  21-day  old 
tutors . 
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Examination  of  the  autoradiographs  ch  gained  from  the  6  /A  thich  layer 
of  residue  of  ascites  tumor  cells  or  sections  confirmed  the  results  obtained 
by  measuring  radioactivity  with  a  Geiger  counter:  young  cells  gave  O.ii -1+0.07 
counts/cell  after  5  minutes  and  0.2b+  0.01  after  30  minutes  of  incubation. 


2.  Effect  of  Temperature  on  RUase  Absorption 

Eone  Harrow  Cells  -  When  the  enzymic  activity  of  KrTaoc  in  cells  incu¬ 
bated  between  0°  and  37 GC  was  measured,  it  was  found  the  absorption  of  the 
enzyme  was  not  influenced  by  the  temperature . 

Ascites  Tumor  Cells  -  Just  as  with  bone  marrow  cells,  ascites  tumor 
cells  absorbed  it.ase  at  the  same  rate  at  0°C  as  they  did  at  57cC.  As  long 
as  the  RUase  concentration  in  the  external  medium  was  greater  by  8  mg/ml, 
more  enzyme  was  absorbed  at  37°C  than  at  0°C.  This  is  shown  in  Figures  2,3 
and  6.  The  autoradiographs  of  the  cells  incubated  with  Rilase-^31l,  2  mg/ml 
of  suspended  cells,  showed  there  was  no  difference  between  the  cells  incu¬ 
bated  at  0°C  (0.21  *  0.01  counts/cell)  and  cells  incubated  at  3"°C  (C.22+ 
0.01  counts/cell). 


3.  Estimating  the  Surface  Contamination  of  the  Cells 

The  electrons  emitted  by  ^Ip  produce  very  long  counts  near  the 
ionization  minimum  (at  least,  at  the  point  of  particle  emission).  We  were 
unable  to  localize  with  great  precision  the  point  of  emission  of  the  par¬ 
ticles  in  the  interior  of  the  ascites  tumor  cells,  which  have  an  average 
diameter  of  12/^,  by  means  of  nuclear  emulsions.  Therefore,  we  were  unable 
to  detect  by  autoradiography  that  portion  of  RUase  that  was  bound  to  the 
?ell  membrane  and  that  portion  which  penetrated  into  the  cell.  This  is  the 
reason  why  we  decided  to  determine  the  amount  of  RKase  absorbed  on  the  cell 
surface  by  measuring  the  loss  of  enzymic  activity  of  the  suspension  after 
washing  the  cells  and  separating  cellular  and  cytoplasmic  debris  after 
crushing  the  cells  in  a  sucrose  solution. 

Ascites  tumor  cells  were  incubated  at  37°C  for  20  minutes  in  t.ie 
presence  of  RKase,  2  mg/ml  of  suspended  cells.  After  incubation,  the  pells 
were  washed  with-  KaCl  solution  0.9$  under  imitation.  An  aliquot  was 
removed  for  the  determination  of  RKase  activity  and  the  rest  of  the  suspen¬ 
sion  was  centrifuged.  Cells  were  washed  with  fresh  NaCl  solution  0.$?j. 

This  operation  was  repeated  six  times.  After  the  7th  washing,  the  remain¬ 
ing  cells  were  crushed  in  a  sucrose  solution  0.25  M  by  means  of  a  Teflon- 
coated  piston  homogenizer  driven  by  a  motor.  The  homogenate  was  centrifuged 
at  8000  g,  the  residue  was  again  dissolved  in  sucrose  solution  and  centri¬ 
fuged  at  6000  3. 

Microscopic  examination  revealed  the  residue  contained  entire  cells, 
not  ruptured,  and  fragments  of  the  cell  membrane.  The  supernatant  contained 
suspended  cytoplasmic  constituents.  RKase  activity  of  the  residue  was  com¬ 
pared  with  a  similar  residue  obtained  at  the  start  of  the  experiment,  using 
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the  sane  sample  of  cells,  hut  not  incubated  with  RNase. 


Fig.  6.  Effect  of  RNase  concentra¬ 
tion  in  the  incubation  medium  on 
the  amount  of  enzyme  which  pene¬ 
trated  the  cell  after  5  minutes 
between  0°  and  37°C. 


Fig.  7.  Effect  of  the  number  of 
washings  on  RNase  activity  of  ascites 
tumor  cells  incubated  with  Mace . 
a  enzymic  activity  of  cells  bofore 
incubation;  o-enzymic  activity  of 
cells  incubated  for  20  minutes  at 
37 °C  with  RNase  2  mg/ml  of  sus¬ 
pended  cells;  <£■  enzymic  activity  of 
membranes  obtained  from  centrifuged 
homogenized  cells. 


It  may  be  seen  in  Figure  7  that  two  to  three  washings  sufficed  to 
eliminate  RNase  loosely  bound  to  the  cells .  Also,  it  may  be  seen  the  cellu¬ 
lar  debris  were  not  richer  in  RNase  than  the  cells  not  treated  with  the 
enzyme:  the  most  important  RNase  activity  occurred  in  the  cytoplasm  of  the 
cells. 


DISCUSSION  OF  RESULTS 

Penetration  of  the  Enzyme  into  Cells  -  Our  results  showed  that  RNase 
(mol.  vt.  13,000)  was  capable  of  passing  through  cell  membranes  and  of  pene¬ 
trating  into  cells  of  bone  marrow  and  ascites  tumors.  In  fact,  the  measure¬ 
ment  of  RNase  activity  in  membranes  and  in  the  cytoplasm  of  disrupted  cells 
indicated  that  the  activity  was  the  same  whether  or  not  the  cells  were 
incubated  with  RNase.  However,  in  the  latter  case,  RNase  activity  was 
three  times  stronger  in  the  cytoplasm. 

Mechanism  of  Penetration  -  The  results  which  we  obtained  from 
studying  the  effect  of  temperature  on  the  penetration  of  RNase  into  cells 
confirmed,  again,  the  observations  made  by  Brachet  et  al.  (5)  and  Schumaker 
(27)  with  amoebas  and  those  made  by  Easty  et  al.  (9)  with  ascites  tumor 
cells.  The  first  mentioned  group  of  authors  demonstrated  that  the  tempera¬ 
ture  did  not  affect  the  rate  of  penetration  of  the  enzyme,  while  the  second 
group  observed,  on  the  contrary,  that  the  rate  was  more  rapid  at  38»5°3  than 
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at  18°C.  Our  results  indicated  that  the  temperature  had  no  effect  on  the 
penetration  of  RNase  as  lone  as  its  concentration  in  the  medium  was  suffi¬ 
ciently  high.  Obviously,  the  mechanism  of  penetration  of  RNase  is  complex: 
it  is  possible  that  RNase  in  lo’..'  concentrations  penetrates  simply  by  diffu¬ 
sion,  this  process  being  influenced  by  the  temperature,  while  at  higher 
concentrations  penetration  occurs  because  of  cell  membrane  activity  through 
pinocytosis.  This  process  was  described  by  Levis  (24),  Mast  and  Coyle  (26), 
Holter  and  Marshall  (12)  in  tissue  cultures  and  amoebas,  and  it  had  been 
observed  in  ascites  tumors  by  Sasty  et  al  (5) •  It  is  probable  that  the 
membrane  transport  is  more  rapid  when  the  enzyme  is  more  concentrated. 

The  quantity  of  RNase  which  penetrated  into  ascites  tumor  cells  varied 
strongly  with  the  age  of  the  tumor.  'This  supports  the  notion  that  several 
mechanisms  are  involved  in  order  to  assure  the  penetration  of  the  enzyme. 

Cells  removed  from  a  recently  implanted  tumor  (l— 3  cays  old)  absorbed,  in 
some  instances,  great  amounts  of  RNase  which  was  rapidly  returned  to  the 
medium,  while  cells  from  a  7-12  day-old  tumor  absorbed  RNase  slower,  but 
more  steadily. 

When  the  results  are  compared  with  uhose  obtained  by  Chapman- 
Andresen  and  Prescott  (7)  with  amoebas,  it  must  be  admitted  that  Chase  pene¬ 
trated  only  by  pinocytosis  into  young  cells  and  by  diffusion  into  old  cells. 

Effects  of  the  Concentration  of  the  Enzyme  on  Cellular  hotabollsn  - 
Our  experiments  furnished  an  explanation  of  data  reported  earlier  by  one  of 
us  (L.L.,  17)  which  showed  that  the  effect  of  RNase  on  the  metabolism  of 
ascites  tumor  cells  depended  directly  on  the  age  of  the  suspension  used: 
in  young  suspensions,  the  extracellular  RNase  produced  a  drop  in  3NA  con¬ 
tent  and  very  rapid  lysis  of  the  young  cells.  In  suspensions  of  older 
cells,  an  important  synthesis  of  RNA  was  noued  and  the  cellular  lysis  was 
different. 

Depending  on  the  level  of  intracellular  concentration  of  RNase  attained, 
the  effects  produced  by  the  enzyme  were  different.  When  the  initial  content 
was  not  more  than  double  there  was  no  effect  or  only  a  small  effect  (aged 
cells).  On  the  contrary,  when  the  content  was  increased  2 -30-fold,  RNA 
synthesis  occurred  (as  observed  in  middle-aged  ascites  tumor  cells). 

Finally,  when  the  cells  absorbed  too  much  RNase,  the  RNA  content  fell . rapidly 
and  the  cells  lyzed  (especially  young  cells). 

RNase  added  to  the  medium  produced  effects  which  depended  simulta¬ 
neously  on  the  concentration  of  the  enzyme  in  the  medium  and  on  its  initial 
concentration  within  the  cell.  It  was  noted  that  a  quantity  of  added  RNase 
produced  a  much  greater  effect  when  the  cells  subjected  to  its  action  had 
a  below  normal  RNase  content.  Also,  we  know  (19,22)  that  cancer  cells,  in 
general,  have  a  much  lower  RNase  content  than  analogous  normal  cells. 

This  phenomenon  might  very  well  be  caused  by  the  selective  action  of 
RNase  on  tissues  of  an  animal  carrying  a  solid  tumor:  it  was  observed  that 
only  the  cancerous  tissues  were  penetrated  by  RNase. 
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SUMMARY 


The  absorption  of  RNase  by  ascites  tumor  cells  and  bone  narrow  cello 
was  followed  by  measuring  enzymic  activity  and  the  radioactivity  of  cell 
suspensions  incubated  in  the  presence  of  enzyme  labeled  with 

Onf  experiments  indicated  that  the  enzyme  penetrated  into  the  interior 
of  the  cells  and  that  the  rate  of  penetration  depended  on  the  concentration 
of  RNase  in  the  medium. 

The  penetration  of  the  enzyme  into  ascites  tumor  cells  was  not 
affected  by  temperature  as  long  as  the  concentration  of  Pilase  in  the  exter¬ 
nal  iredl.irm  did  not  exceed  a  certain  threshold  value.  These  facts  suggested 
that  several  mechanisms -diffusion,  membrane  activity,  pinocytosis--  all 
differentially  influenced  by  temperature,  facilitate  the  penetration  of 
KKase  into  the  cell. 

In  the  light  of  these  new  results,  the  effects  of  RNase  on  the  metab¬ 
olism  of  normal  and  cancerous  cells  ware  discussed. 
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